We consider the feasibility of detecting Population III pair-instability supernovae (PISN) at very high redshifts with the James Webb Space Telescope (JWST). Four published estimates for the PISNe rate show a rather wide dispersion, between 50-2200 deg -2 yr -1 . Correcting problems with several of these, we conclude that even a fairly optimistic estimate is probably a further order of magnitude lower than this range, at a rate of order 4 deg -2 yr -1 at z ~ 15 and 0.2 deg -2 yr -1 at z ~ 25, both with substantial uncertainty. Although such supernovae would be bright enough to be readily detectable with the JWST at any relevant redshift, the lower number densities derived here will likely require either a dedicated wide-angle search strategy or a serendipitous search. We expect that typically about 1 deg 2 (or 500 JWST NIRCam images) per detected supernova at 4.5 µm must be imaged to detect one PISN at z ~ 15 and about 35 deg 2 to detect one at z ~ 25. If some Population III star-formation persists to lower redshifts z ~ 5, then PISNe may also be detectable in wide-angle ground-based Z-band imaging surveys at Z AB ~ 23, at a density of order 1 deg -2 of surveyed area. In an Appendix, we consider the possible effects of intergalactic dust in obscuring high redshift supernovae or other high redshift sources. We show that the obscuration at a given rest-wavelength will peak at some maximum redshift and thereafter decline. While it may be a significant effect in observations of the very high redshift Universe, it is unlikely, even under rather pessimistic assumptions, to completely obscure primordial objects.
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INTRODUCTION
The first stars to form in the Universe are predicted to be very massive (e.g. several hundred M , e.g. Bromm & Larson 2003) , very metal poor and short-lived. Depending on their mass, these massive stars should end their lives either by collapsing into black holes or by being completely disrupted in violent pair-instability supernovae, PISNe (e.g. Fryer et al 2001 . PISN explosions are expected to occur for stars with a relatively narrow range of masses between 140 < M/M < 250 -see for a review.
Pop III stars are predicted to first appear in the Universe at some point between 30 < z < 50 (see e.g. Yoshida et al 2003 , Cen 2003 , Mackey et al 2003 , Wise and Abel 2003 , and to cease being formed when the metallicity exceeds a critical metallicity Z crit that is estimated to be in the range Z crit ~ 10 -4 -10 -3 Z (see e.g. Oh et al 2001, Bromm and Larson 2003) . This threshold may well be exceeded as early as z ~ 15 (Mackey et al 2003 , Yoshida et al 2003 but some Pop III star-formation could conceivably survive alongside higher metallicity starformation to redshifts z ~ 5 if the mixing of metals in the intergalactic medium is incomplete (see e.g. Scannapieco et al 2003 for detailed models).
The formation of the first stars in the Universe, their initial mass function and the chemical enrichment history of the intergalactic medium, as well as the detailed physics of PISN themselves, are all highly uncertain theoretically and will likely be guided by future observations by facilities such as the James Webb Space Telescope (JWST).
The putative PISNe that may be associated with Pop III would, at maximum, be of order 10 5 brighter than the Pop III stars themselves, and detection of these transients may be the best hope for detecting Pop III at very high redshifts with future observing facilities such as the JWST, especially if the first stars are formed singly in individual dark matter haloes . The detection of such massive explosions in the early Universe would be of great interest in determining the physical conditions in and around the first structures to form in the Universe, including quantifying feed-back loops operating to control the starformation in young haloes, and in understanding the chemical enrichment and reionization of the Universe.
It should be noted that the existence and importance of PISN in the early chemical and reionization history of the Universe is not beyond question. For instance, Tumlinson et al (2004) have argued against a large role for PISN in Pop III on account of the abundance patterns of low metallicity Galactic Pop II stars.
There have been several calculations of the expected rate of such transients often as a side product of investigations primarily aimed at other aspects of star and structure formation in the early Universe. Unfortunately, these published PISNe rate predictions show a rather wide variation, between 50-2200 deg -2 yr -1 (see Mackey et al 2003 , Cen 2003 , Wise & Abel 2003 . In this paper, we examine the causes for this variation and conclude that the most likely (but still ultimately optimistic) rate is substantially lower even than the lower end of these published estimates. This leads us to consider the optimum strategy for searching for PISN at very high redshifts with the JWST.
Then in the last section, we consider the possibility of observing Pop III PISNe at low redshifts. We consider Z-band photometric searches at z ~ 5 and report on the results of a preliminary but inconclusive search at this redshift.
In an Appendix, we examine the possible effects of intergalactic dust in obscuring high redshift supernovae or other high redshift sources, and show that the obscuration at a given rest-wavelength peaks will peak at some maximum redshift and thereafter decline.
While it may represent a significant effect, intergalactic dust obscuration is unlikely to completely obscure very high redshift objects.
Throughout the paper we assume a concordance cosmology with H 0 = 70 kms -1 Mpc -1 ,
and Ω Λ = 0.75.
PUBLISHED PISNe RATES
There have been, as far as we are aware, four independent calculations of the Pop III supernovae rates at very high redshifts (see also the calculation by Miralda-Escudé & Rees 1997 and Madau et al 1998a at lower redshifts). Unfortunately, given the potential importance of these as observational tracers of Pop III, they display a broad range of between 50-2200 deg -2 yr -1 (Mackey et al 2003 , Cen 2003 , Wise & Abel 2003 . As well as variations in input assumptions, three of these calculations appear to have additional problems. Accordingly, we here review the appropriate calculation.
Neglecting the short lifetime of PISN progenitors and assuming a narrow mass range of PISN progenitors, the comoving PISNe rate in terms of the star-formation rate (SFR) is:
(1)
 is the specific supernova number, i.e. the number of supernovae produced per unit stellar mass created, which will be approximated by the mass fraction (within the initial mass function) that is in supernovae producing stars divided by m SN , the mass of each PISN progenitor. 
If the star-formation rate as expected decreases strongly with redshift, then, since D is almost constant at very high redshifts,
The simple form of equations (5) and (6) Comparing with equation (6), the Mackey et al (2003) calculation is clearly correct.
The rate, which has been used also by Panagia (2003) , is high by (1+z) 2 .
We think also that Cen's (2003) estimate is a factor of (1+z) high (there should not be a (1+z) term in equation 24) and may also have a small numerical problem in the computation of N HN .
Finally, Wise & Abel's (2003) estimate, based on placing one PISN in each newly formed dark matter halo contained a numerical error (Abel and Wise, private communication) . These different estimates are summarized in Table 1 , where the final column lists the "adjusted" rates correcting for the above problems. Once adjusted, the resultant supernovae rates broadly scale in the expected way with the input parameters f III and the f SN m SN -1 product.
ADOPTED RATE AND JWST SURVEY STRATEGY
The correct calculation, by Mackey et al (2003) , has in our opinion (see below)
relatively optimistic input assumptions, e.g. f SN ~ 1 and m SN ~ 250 M and thus  ~ 0.004, thereby masking the differences between these different published estimates.
For the f III (z) parameter, we consider the range of star-formation rates presented by Yoshida et al (2003) , Ricotti et al (2003) , Mackey et al (2003) (omitting star-formation at z > 30), Somerville et al (2003) and Scannapieco et al (2003) . These are shown in The value of  is even less certain. Even assuming that the physics of PISN progenitors is well understood, it is strongly dependent on the initial mass function. Following Nakamura and Umemura (2001) we will assume that the initial mass function is bimodal, with one component containing a fraction κ of the integrated stellar mass with an initial mass function peaking at low masses (of order 1 M ) and a second component peaking at much higher masses and containing (1-κ) of the total mass. If we assume that this second high mass component is represented by a power-law between mass cut-offs at M 1 and M 2 .
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and that PISN are produced between M low and M high (assumed to be greater than M 1 ) then  will be:
We tabulate some representative values of /(1−κ) in Table 2 Given that there is likely to be a strong mass-luminosity relation for PISNe (see e.g. Wise & Abel 2003) it is likely that the lowest mass PISNe may not be observable and thus we may modify  to exclude those PISNe by modifying the lower mass cut-off in (8) so that M low = M vis , the mass of the least massive detectable PISN, to yield  vis . (2003) is almost entirely due to the lower assumed value of  or  vis . The differences with the other, even higher estimates discussed above reflect the additional problems identified earlier.
Finally, it should be noted that these supernova rates are three orders of magnitude lower than those calculated for SN II at lower redshifts by Miralda-Escudé & Rees (1997) The (1+z) factor accounts for the time-dilation of the observability period in the observed frame. It is this surface density of detectable transients that determines the survey efficiency in detecting PISNe, provided only that the sampling strategy allows repeat visits after an interval ∆t vis to optimally detect transients.
Based on PISN models , the maximum brightness of a PISN near the upper end of the progenitor mass range (250 M ) is roughly independent of wavelength across a broad range of wavelengths longward of Lyα (out to at least rest-frame 0.5µm) and is roughly AB ~ 26 (see Fig 2) for 15 < z < 25. In detail, the maximum brightness is dimmer by about 0.5 magnitudes at the longer wavelengths . Detection of sources at AB ~ 27, i.e. of order one magnitude below maximum, is essentially impossible from the ground in the near-infrared, but should be straightforward with the JWST NIRCam (Rieke et al 2003) and, scaling from today's 6-10m telescopes, would be feasible with a ground-based 30-m telescope shortward of 2.5µm. A point source with AB ~ 27 requires a nominal integration time of less than 1000 seconds with the JWST NIRCam for a 10σ or greater detection over the 1.5-4.5 µm waveband (Rieke et al 2003) . Thus, in terms of sensitivity, JWST should have no trouble detecting PISNe to z ~ 50, if they exist.
It is important to note that, in the Heger et al (2002) models, the duration of the time above a given brightness threshold, set relative to the maximum brightness, ∆t vis , increases quite strongly with wavelength (see Fig 3) . At a threshold one magnitude below maximum, the rest-frame visibility period is only about 1.7 days at rest-1600 Å, 4.2 days at rest 2400 Å and 20 days at rest 5000 Å, i.e. increasing as roughly λ 2 . The resulting increase in number of PISN per image at longer wavelengths implied by equation (7) more than compensates (at least for a detector with flat AB sensitivity) the roughly 0.5 magnitude decrease in peak brightness over this same wavelength interval.. Lowering the detection threshold further will also increase ∆t vis but the gain in ∆t vis goes as less than the square of the limiting flux (Fig 2) , so the number of supernovae discovered is maximized by aiming to detect them within a magnitude or so of maximum, in as many fields as possible. Likewise, the mass-luminosity relation for PISN is apparently so steep (see e.g. Wise & Abel 2003) that it is better, in terms of simple number of supernovae to be detected, to aim for the brightest objects near the upper mass cut-off in the largest possible area of sky, rather than to try to probe further down the mass function in fewer fields.
The step in JWST sensitivity across 5 µm (going from NIRCam to MIRI) of about 2 magnitudes and the reduction of the field of view by a factor of 4 (Wright et al 2004) produces a decrease in survey efficiency of a factor of 25 for constant AB magnitude, meaning that the most attractive wavelength for PISN searches with JWST is probably at the long end of the NIRCam range, i.e. 3.5-4.5 µm.
We show in Fig 4 the Thus, unless our ideas about the early Universe are completely wrong, it is likely that JWST's reach in redshift space through stand-alone supernova surveys will be limited to somewhere in the 15 < z < 25 range by the rareness of the transient events, rather than by their faintness. "All-sky" or at least "wide-field" searches for transients at other wavelengths, such as Gamma Ray Bursts (GRB), followed by prompt follow-up with the JWST would extend the reach to higher redshifts, but only if PISN are associated with such events.
Restricting attention to wavelengths in the K-band (2.2 µm) as would be appropriate for a possible ground-based survey (e.g. with a thirty meter telescope or larger) we find that one would need, statistically, to image of order 4.5 deg 2 to detect one PISN at z ~ 15, with the two epochs separated by at least 20 days. This is a somewhat lower discovery rate than with the JWST because the shorter wavelengths decreases the visibility period ∆t vis,0 . Intervening neutral Hydrogen absorption almost certainly kills PISNe at only slightly higher redshifts (z > 17). It should be noted that the proposed SNAP satellite (Aldering et al 2004) is not designed for wavelengths beyond the H-band (1.6 µm) and therefore is unlikely to detect sources at redshifts much above z ~ 10. A sensitive wide-field search in the near-infrared to 24-25 magnitude, feasible with a suitably instrumented wide field 8-m telescope, would detect more z ~ 5 PISNe deg -2 because of the increased ∆t vis,0 .
PISNe AT LOWER REDSHIFTS

SUMMARY
We have investigated the potential observability of PISNe from Pop III stars at 15 < z < 25
with the JWST and other facilities, with the following conclusions:
1. We find that the expected PISNe rate is much lower than previous published estimates, probably around 4 deg -2 yr -1 at z ~ 15 and 0.2 deg -2 yr -1 at z ~ 25 rather than the 50-2500 deg -2 yr -1 that has been quoted in the literature.
2.
The brightness of such supernovae is such that they could be detected in a relatively short (under 1000s) exposure with NIRCam on JWST. It will be best to search at the longest practicable wavelengths to take advantage of the longer visibility time of the PISNe as well as to be sensitive to PISNe at the highest possible redshifts. For the JWST, the optimum wavelength is likely to be at about 3.5-4.5 µm using the NIRCam camera.
3. However, with our lower PISNe rate, the chances of detecting a PISN on any individual JWST NIRCam frame will be quite small and we would expect that about Finally in an Appendix, we show that foreground intergalactic dust produced by Pop III PISNe is unlikely to seriously affect the detectability of sources even to the highest redshifts. It has the interesting property that the extinction for light at a given rest-wavelength first increases but then decreases at the highest redshifts as soon as the comoving density of dust starts to drop faster than (1+z) -1.5 .
Our analysis illustrates a general problem with searches for the signatures of "First Light" in the Universe. Given that the Pop III star-formation rate is likely to decline exponentially with redshift at the highest redshifts, one will inevitably be searching for rarer and rarer objects on the sky. We have seen above that a search with JWST at z ~ 15 will likely succeed, but that the JWST is unlikely to discover PISN at much higher redshifts (e.g. z ~ 25) since it will simply not observe a large enough area of sky (of order 30 deg 2 required) even in the mission lifetime.
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extinction for a given emitted wavelength, e.g. Lyα, will actually decrease with increasing redshift and more distant sources will be less extinguished than foreground sources. This possibly counter-intuitive behavior is shown in Fig 1. With this simple model, which we think is likely to overestimate the extinction, the absorption for emitted Lyα increases, as roughly 0.1z to z ~ 12, but then falls thereafter. We conclude that intergalactic extinction may be significant in modifying the brightness of very high redshift sources, but is unlikely to be so severe as to render them undetectable. At a fixed observing wavelength, the extinction of course increases monotonically with redshift.
At a wavelength of 4.5 µm (see discussion below), it is predicted to be small.
It should also be noted that relative to the "average'' Pop III star-formation history and characteristics that are assumed below (see Fig 2) , we would need essentially all of the PISN progenitor mass to be converted to dust and efficiently distributed into the IGM to reproduce
this Ω d . As noted above, a lower fraction by a factor of three or more is likely, suggesting Cumulative production of Pop III stars from models in the literature, parameterised as f III , the fraction of baryonic material that has been formed into Pop III. The heavy solid line shows the "average" production rate assumed in this paper, which must be considered uncertain by at least a factor of 3 at z ~ 15 and a factor of 10 at z ~ 25. The stars at lower left show the mass of dust assumed in the dust extinction model of Fig 1, which would be expected to be about 0.03f III . It is therefore likely that the dust density used in Section 2 is overestimated by a factor of four or more (see Fig 1) , unless the Pop III production is at the very high end of the models plotted here . At wavelengths longward of Lyα, the peak brightness declines by only 0.5 magnitude to rest-frame 0.5µm wavelength. Note that these peak brightnesses are well within the detectability levels of JWST at all redshifts of interest. A 200 M PISN is expected to be fainter by 1.7 magnitudes and a 175 M one by 3.5 magnitudes. The surface density on PISNe on the sky per unit redshift as a function of redshift for four different observing wavelengths (labelled in µm), assuming that survey images reach one magnitude below maximum light (see Fig 3) . These curves show the gain in the number of detected supernovae as the wavelength increases due to the increase in ∆t vis in Fig 4 as well as the truncation in redshift due to disappearance of the supernovae below Lyα. The curves are normalised to  vis = 4.4×10 -4 M -1 as described in the text. Fig A1. Extinction A(λ) in the observed frame for sources at increasing redshifts based on the most pessimistic dust model of Elfgren & Desert (2003) . The solid points represent the observed wavelength of Lyα, labeled with the redshift of the extinction curve. Below Lyα the extinction is set to ∞ at all z > 5 to account for Gunn-Peterson HI absorption. It can been seen that for a given rest-frame wavelength (e.g. the dots representing Lyα) the extinction increases with redshift but then declines to higher redshifts as soon as the comoving dust density starts to fall faster than (1+z) -1.5 . At a given observed wavelength, the extinction must increase monotonically with redshift. It should be noted that the "average" Pop III starformation rate adopted in this paper (see Fig 2) would produce at most only 25% as much dust as assumed here, so this curve can be considered as a very worst case. Even so, Lyα extinction is unlikely to prevent detection, and the extinction is likely to be very small at an observed wavelength of 4.5 µm (see text).
